Recent studies identified neuronal ensembles and circuits that hold specific memory information (memory engrams). Memory engrams are retained under protein synthesis inhibition-induced retrograde amnesia. These engram cells can be activated by optogenetic stimulation for full-fledged recall, but not by stimulation using natural recall cues (thus, amnesia). We call this state of engrams "silent engrams" and the cells bearing them "silent engram cells." The retention of memory information under amnesia suggests that the time-limited protein synthesis following learning is dispensable for memory storage, but may be necessary for effective memory retrieval processes. Here, we show that the fullfledged optogenetic recall persists at least 8 d after learning under protein synthesis inhibition-induced amnesia. This long-term retention of memory information correlates with equally persistent retention of functional engram cell-to-engram cell connectivity. Furthermore, inactivation of the connectivity of engram cell ensembles with its downstream counterparts, but not upstream ones, prevents optogenetic memory recall. Consistent with the previously reported lack of retention of augmented synaptic strength and reduced spine density in silent engram cells, optogenetic memory recall under amnesia is stimulation strength-dependent, with low-power stimulation eliciting only partial recall. Finally, the silent engram cells can be converted to active engram cells by overexpression of α-p-21-activated kinase 1, which increases spine density in engram cells. These results indicate that memory information is retained in a form of silent engram under protein synthesis inhibition-induced retrograde amnesia and support the hypothesis that memory is stored as the specific connectivity between engram cells. memory | engram | hippocampus | episodic | amnesia A memory engram is the enduring physical or chemical changes that occur in brain networks upon learning, representing the acquired memory information. Memory engrams are held by a set of neuronal ensembles that are activated by learning, and reactivation of these neurons gives rise to recall of the specific memory (1) (2) (3) . A combination of immediate early genes, transgenics, and optogenetic techniques has recently provided the long-sought gain-of-function evidence for engram cells in the dentate gyrus of the hippocampus (4) (5) (6) . This evidence has been complemented by loss-of-function evidence in the lateral amygdala (7, 8) . Further studies identified and investigated memory engram cells in various brain areas under a variety of mnemonically relevant behavioral protocols (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . Furthermore, optogenetic manipulations of specific engram cells in vivo permitted unprecedented investigations of the relationship between memory representations and animal cognition or behaviors, allowing inception of a false memory (5), switching memory valence (19, 20) , ameliorating depression-like behaviors (21) , and restoring a memory impairment in early Alzheimer's mice (22) .
Another important benefit of engram cell identification is that it permits investigation of the fundamental synaptic, cellular, and circuit mechanisms for encoding, consolidation, and retrieval of specific memories. The results of the initial characterization of hippocampal engram cells were consistent with the notion (23) (24) (25) that encoding results in rapid augmentation of synaptic strength and dendritic spine density and thereby contributes to the formation of memory (6) . However, this study suggested that postlearning maintenance of increased synaptic strength and spine density by protein synthesis is not obligatory for memory storage. The study further suggested that memory retention is associated with the generation and maintenance of connectivity between multiple engram cell ensembles residing along an anatomical pathway.
Studies on the nature and dynamics of engrams, engram cells, and their connectivity, however, have just begun. In this study, we investigated several parameters of a specific set of engram cells from mice under retrograde amnesia due to postlearning inhibition of protein synthesis. This led to a concept of "silent memory engrams," which are susceptible to optogenetic recall but not natural recall cues.
Results

Long-Term Stability of Silent Memory Engrams in Retrograde
Amnesia. We used memory engram cell identification and manipulation technology (4) to tag the hippocampal dentate gyrus (DG) component of a contextual fear memory engram with ChR2-eYFP. To disrupt cellular memory consolidation, we systemically injected the protein synthesis inhibitor anisomycin (26) , or saline as a control, immediately after contextual fear conditioning (CFC). The specific dosage of anisomycin used in this study did not alter the activity-dependent synthesis of ChR2-eYFP
Significance
We previously discovered that memory is retrieved robustly from protein synthesis inhibitor-induced retrograde amnesia by optogenetic activation of engram cells. Connectivity of engram cells correlates with memory information storage under amnesia, even though these amnesic engram cells lack learninginduced augmented synaptic strength. We term this state of engrams as "silent engrams." The significance of this study is threefold: first, the silent state of the engram can last for a prolonged period (at least 8 d post encoding); second, connectivity between engram cell ensembles is causally linked to optogenetic recall and hence memory information storage; and third, there is a molecular genetic method to convert an engram from a silent state to an active state.
in DG cells (Fig. 1 A-C) , as demonstrated by comparable levels of engram labeling in saline and anisomycin-treated groups. We next examined the behavioral effect of optogenetically stimulating DG engram cells in anisomycin-treated mice 2, 5, and 8 d post-CFC training (Fig. 1D ). Before engram cell labeling, habituation to context A with light-off and light-on epochs did not cause freezing behavior in naive mice of the presaline or preanisomycin groups (Fig. 1E) . One day after training, the saline group displayed robust freezing behavior, whereas the anisomycin group showed significantly less freezing during cued recall (Fig. 1F) . Two days after training, mice were placed into context A for a blue light stimulation (engram activation) test session. Consistent with our previous study (6) , neither group showed freezing behavior during light-off epochs, but both groups froze significantly during light-on epochs (Fig. 1G, Left) . To assay the conditioned response to natural recall cues, mice were again tested in context B 24 h after the blue light was turned off, and retrograde amnesia was observed in the anisomycin-treated group (Fig. 1G, Right) .
Next, we investigated functional engram cell-engram cell connectivity between the upstream engram cell ensemble in DG and the downstream engram cell ensemble in hippocampal CA3 and, further downstream engram cell ensemble in the basolateral amygdala (BLA) by quantifying the overlap of engram cells and endogenous c-Fos + cells in the downstream sites that appear due to stimulation by recall cues ( Fig. 1 H and I) . Natural recall cues resulted in reduced c-Fos + /mCherry + overlap in both CA3 and BLA of anisomycin mice, 2 d after training. However, DG engram cell activation by blue light in amnesic mice resulted in equivalent overlap as natural cue-induced recall and optogenetically induced recall in saline mice (Fig. 1J) . Remarkably, the recovery from amnesia through direct light activation of anisomycin-treated DG engram cells and the preferential, protein synthesis-independent functional engram connectivity was observed both 5 d (Fig. 1 K and L) and 8 d (Fig. 1 M and N) after training. These data indicate that the connectivity of DG engram cells and the downstream CA3 and BLA engram cells is retained for as long as 8 d after training even in the anisomycin-treated animals (Fig. 1O ). These results also reveal that memory engram cells can be at least of two different states: (i) the "silent" state that is not susceptible to natural recall cues for reactivation but can be reactivated by optogenetic stimulation and (ii) the active state that is susceptible to both natural and optogenetic stimuli.
Strong Engram Stimulation Is Necessary for Memory Recall Restoration
in Amnesic Mice. Although silent memory engrams persist in mice under protein synthesis inhibitor-induced retrograde amnesia, these engram cells lack learning-induced synaptic strength (6), which is a characteristic of active, consolidated memory engram cells. We investigated the strength dependency of optogenetic stimuli in reactivating silent engram cells for recall in retrograde amnesia. For this purpose, we used three levels of blue laser power: 25, 50, and 75% ( Fig. 2 A and B) . Using ex vivo electrophysiology, the effect of the three levels of blue laser power on engram cell activation was validated (Fig. 2C) . At 25% laser power, direct light activation of DG engram cells resulted in memory recall in saline mice, but not in anisomycin mice ( reactivation equivalent to those of saline mice. Together, these data indicate that stronger optogenetic stimulation is required for memory restoration in amnesic mice (Fig. 2J) , reflecting the silent state of memory engrams under this condition.
Inactivation of the Connectivity with Downstream Engram Cell
Ensembles Prevents Optogenetic Memory Recall. The correlation between long-term (at least 8 d after encoding) retention of memory and the connectivity between upstream and downstream engram cell ensembles (2, 6) ( Fig. 1 ) under amnesia suggests that there is a causal link between these two phenomena. To test this possibility, we developed a viral approach using tetanus toxin light chain (TetTox) (27) to inactivate engram-specific connections. We first inactivated the upstream medial entorhinal cortex (MEC) to DG engram cell connections by injecting a virus mixture of AAV 9 -c-fos-tTA (22) and AAV 9 -TRE-GFP-TetTox into MEC, while simultaneously labeling DG engram cells with a mixture of AAV 9 -c-fos-tTA and AAV 9 -TRE-ChR2-mCherry (Fig. 3 A-C) . We validated learning-dependent labeling of MEC neurons with TetTox and that engram labeling in MEC and DG was comparable between saline and anisomycin groups (Fig. 3D ). As expected, in natural memory recall tests of the CFC paradigm ( Fig. 3 E and F) , anisomycin eYFP and anisomycin TetTox mice displayed retrograde amnesia. Importantly, the effect of TetTox expression in engram cells of the MEC was shown by reduced freezing in saline TetTox mice compared with saline eYFP mice (Fig. 3F, Left) . We also observed decreased overlap of c-Fos
+ DG engram cells following natural memory recall (Fig. 3F , Right) in saline TetTox mice compared with saline eYFP mice. Two days after training, although MECto-DG engram cell connections were inactivated, DG engram activation in both eYFP and TetTox groups of saline and amnesic mice resulted in memory recall (Fig. 3G ) and downstream engram cell reactivation (Fig. 3H) . By contrast, when downstream DG-to-CA3 engram cell connections were inactivated ( Fig. 3 I and J) , DG engram activation resulted in memory recall (Fig. 3K) as well as downstream engram cell reactivation (Fig. 3L ) in saline and anisomycin eYFP groups, but not in the saline and anisomycin TetTox groups. Interestingly, the saline TetTox mice in which DG-to-CA3 connections were inactivated showed normal levels of natural memory recall. This probably indicates that the direct entorhinal cortex to hippocampal CA3 engram cell input is sufficient for memory recall even if DG-to-CA3 connections were inactivated (28) . These experiments demonstrate that an inactivation of engram cell connectivity downstream, but not upstream, prevents light-induced memory recall.
Conversion of a Silent Engram to an Active Engram by PAK1
Overexpression. Active engram cells exhibit a learning-induced increase of dendritic spine density, which is lacking in silent engram cells (6, 22, 29) . We investigated the spine density of engram cells in saline-and anisomycin-treated mice 2, 5, and 8 d post-CFC training. The anisomycin group showed reduced DG engram cell-specific spine density, compared with the saline group, across all three time points (Fig. 4 A-C) . By tagging the hippocampal CA1 component of a contextual fear memory engram with ChR2-eYFP (Fig. 4 D and E) , we found that anisomycin-treated CA1 engram cells showed reduced spine density compared with the saline-treated CA1 engram cells (Fig.  4 F-H) . This finding is consistent with data from anisomycintreated DG engram cells (6) . We then hypothesized that the reversal of dendritic spine deficits in CA1 engram cells of anisomycin-treated mice may rescue long-term memory by natural recall cues. To investigate this possibility, we took advantage of previous findings that spine formation can be regulated by α-p-21-activated kinase 1 (PAK1) overexpression (30, 31) . We developed an adeno-associated virus (AAV) approach for the Data are presented as mean ± SEM. Unless specified, statistical comparisons are performed using unpaired t tests; *P < 0.05, **P < 0.01, ***P < 0.001. Chance at 0.38 (DG), 0.89 (CA3), and 0.62 (BLA). In DG, average ChR2 labeling was 6.3% (of DAPI) and cFos was 4.4%. Average mCherry labeling was 12.7% in CA3 and 7.9% in BLA. Average cFos was 9.33% in CA3 for both groups, and 5.8% for saline or 3.92% for anisomycin in BLA. (F) Optogenetic recall using 50% laser. Significant freezing was observed in saline (n = 10) and anisomycin groups (n = 10). (G) Cell counting at 50% laser. c-Fos Statistical comparisons are performed using unpaired t tests; *P < 0.05, **P < 0.01, ***P < 0.001. Chance at 0.91 (CA3) and 0.66 (BLA). Data are presented as mean ± SEM. Statistical comparisons are performed using unpaired t tests; *P < 0.05, **P < 0.01. . Data are presented as mean ± SEM. Statistical comparisons are performed using unpaired t tests; *P < 0.05, **P < 0.01, ***P < 0.001.
overexpression of constitutively active PAK1 (PAK1-CA) in a memory engram cell-specific manner (Fig. 4I) . In mice that received anisomycin infusions only into hippocampal CA1, 5 d after training, PAK1-CA overexpression restored CA1 engram cell spine density to control levels ( Fig. 4 J and K) . Furthermore, this spine restoration in anisomycin-treated mice correlated with amelioration of long-term memory impairments observed during recall by natural cues (Fig. 4L, test 2) , which was context-specific (Fig. 4L, neutral) . These experiments identify a molecular genetic method to convert an engram from a silent state to an active state.
Discussion
An earlier study showed that, 1 d after training, synaptic strength and spine density in engram cells are augmented. However, an analysis of engram cells of mice that had received a blockade of posttraining protein synthesis indicated that memory retention did not depend on the maintenance of these changes in synaptic strength and spine density. Rather, the maintenance of learninginduced neuronal connectivity between engram cell ensembles correlated with memory retention (6) . These findings support the idea that cellular consolidation is primarily for establishing memory retrievability rather than being an obligatory mechanism for storage of the representation per se (32, 33) . In this study, we investigated this correlation more closely. In anisomycin-treated animals, engram cells are in a silent state: the state in which memory information is retained and retrievable by optogenetic stimulation, but not by natural recall cues. The crucial feature of silent engram cells is the lack of augmented synaptic strength and spine density due to a posttraining blockade of protein synthesis. The efficiency of natural recall would be greatly influenced by these synaptic features, and below a certain threshold, effective recall will be blocked. In contrast, optogenetic recall is independent of synaptic strength and abundance, and hence it can be attained as long as a certain threshold of functional connectivity between engram cell ensembles is reached. However, since the engram cell connectivity would also depend on the synaptic strength and abundance, one would predict that functional engram cell connectivity would be weakened in anisomycin-treated animals, and hence optogenetic recall from these mice would depend on the strength of blue light. Our data in Fig. 2 confirmed this prediction: when the strength of blue light was reduced, both memory recall and functional engram cell connectivity were reduced. Furthermore, the crucial link between spine density, engram cell connectivity, and natural recall was demonstrated by restoration of full connectivity and natural recall by PAK1 overexpression in animals that received anisomycin infusions into hippocampal CA1.
Silent engrams are not a phenomenon specifically associated with retrograde amnesia. In a mouse model of early Alzheimer's disease, the hippocampal engrams are in a silent state that can be converted to an active state by repeated high-frequency stimulation of the engram cell synapses (22) . In hippocampusdependent episodic memory, engrams are formed rapidly on the day of learning not only in the hippocampus, but also in the prefrontal cortex (PFC). However, the PFC engrams are in a silent state and need to mature to acquire an active state, which takes many days and help from hippocampal engram cells. Conversely, the hippocampal engrams become silent as days go by (29) . Furthermore, the longevity of social memory formed in ventral CA1 is relatively short-lasting-just several hours-but it continues to exist in a silent state for at least a few days (18) . Thus, silent engrams are more routine than exceptional. Further studies on the properties of silent and active engrams and their mutual conversion would advance our understanding of the regulation of formation and retrieval of memory.
Materials and Methods
Animals. The c-fos-tTA transgenic mice were generated as described (4) . The C57BL/6J wild-type mice were obtained from Jackson Laboratory. Mice had access to food and water ad libitum and were socially housed in numbers of two to five littermates until surgery. Following surgery, mice were singly housed. For behavioral experiments, all mice used for the experiments were male and 8-10 wk old at the time of surgery, had been raised on food containing 40 mg·kg −1 doxycycline (DOX) for at least 1 wk before surgery, and remained on DOX food for the remainder of the experiments except for the target engram labeling days. An identical procedure was used for virusmediated (22) engram labeling experiments (Fig. 3 ) in which wild-type male mice were raised on DOX. All experiments were conducted in accordance with the National Institutes of Health guidelines and the Massachusetts Institute of Technology Department of Comparative Medicine and Committee on Animal Care.
Viral Constructs. The pAAV-TRE-GFP-TetTox and pAAV-TRE-PAK1-CA plasmids were constructed by cloning the GFP-TetTox and PAK1-CA (Addgene #12212) fragments into an AAV backbone containing the TRE promoter sequence (4). The pAAV-c-fos-tTA construct generation was done as described previously (22) . The pAAV-TRE-ChR2-eYFP, pAAV-TRE-eYFP, pAAV-TRE-ChR2-mCherry, and pAAV-TRE-mCherry constructs were previously described (4, 6) . AAV vectors were serotyped with AAV 9 coat proteins and packaged at the University of Massachusetts Medical School Gene Therapy Center and Vector Core or at Vigene Biosciences. Viral titers were 1.5 × 10 13 genome copy (GC) mL −1 for AAV 9 -c-fos-tTA, AAV 9 -TRE-ChR2-eYFP, and AAV 9 -TRE-eYFP, 1.2 × 10 13 GC mL
for AAV 9 -TRE-ChR2-mCherry, 2 × 10 13 GC mL −1 for AAV 9 -TRE-mCherry, and 3 × 10 13 GC mL −1 for AAV 9 -TRE-GFP-TetTox and AAV 9 -TRE-PAK1-CA.
Surgery and Optic Fiber Implants. Mice were anesthetized with isoflurane or 500 mg·kg −1 avertin for stereotaxic injections, as described (22) Immunohistochemistry. Mice were perfused transcardially with 4% paraformaldehyde. Fifty-micrometer coronal slices were prepared using a vibratome. Immunostaining was performed as described (22) . Antibodies used for staining were as follows: to stain for ChR2-eYFP, GFP-TetTox, or eYFP alone, slices were incubated with primary chicken anti-GFP (1:1,000; Life Technologies) and visualized using anti-chicken Alexa-488 (1:500). For ChR2-mCherry, or mCherry alone, slices were stained using primary rabbit anti-RFP (1:1,000; Rockland) and secondary anti-rabbit Alexa-555 (1:500). c-Fos was stained with rabbit anti-c-Fos (1:500; Calbiochem) and anti-rabbit Alexa-488 (1:300).
